A. Absorbance spectra of RhoWT and RhoM257Y regenerated with 11-cis-retinal. 'Dark' spectra of both RhoWT (1) and RhoM257Y (3) recorded after purification had the expected absorption maximum at 500 nm. 'Light' spectra recorded after light-activation (>515 nm wavelength light for 60 s) of RhoWT in the presence of hydroxylamine (2) and RhoM257Y (Rho*, 4). Acidification of Rho* reveals the diagnostic absorption maximum red-shift for protonated Schiff-base linked all-trans-retinal (5).
E. Graph of the fit constant  for the equation p(>1 scramblase) = 1 -exp(-PPR/) as a function of the size of the multimer being reconstituted (n-mer). Predicted values for the reconstitution of opsin monomers, dimers, tetramers and octamers are shown as blue squares (the dashed line connecting the squares is intended to guide the eye). Measured fit constants for Ops, Ops* and Rho* (taken from the data in Fig. 3 
These chemical cross-linking studies support our hypothesis that whereas rhodopsin is monomeric when fully solubilized in DDM, it dimerizes (and potentially multimerizes) when the detergent concentration is reduced as would be required for reconstitution of the protein into vesicles. This result explains why rhodopsin inserts into vesicles as a pre-formed higher order structure rather than as a monomer. Although similar studies in proteoliposomes were inconclusive due to the presence of DTT-and SDS-resistant aggregation of rhodopsin under the experimental conditions, it has been demonstrated previously using fluorescence-based analyses (FRET/LRET) that rhodopsin in proteoliposomes exists as a multimer 5 .
A. Structure of dithiobis[succinimidyl propionate] (DSP), a homobifunctional, amine-reactive cross-linking reagent with a 1.2 nm spacer arm containing a disulfide bond that can be cleaved with dithiothreitol (DTT).
B. A cytosol-facing surface visualization of a proposed rhodopsin dimer interface overlaid with color-coded circles representing the transmembrane helices and thickly outlined white circles representing reactive lysines. DSP is predicted to cross-link monomers within a rhodopsin dimer by reacting with Lys141, Lys231, Lys245, and Lys248 on rhodopsin monomer A, and Lys66, Lys67 and Lys339 on rhodopsin monomer B. Adapted from 6 .
C. Western blot of rhodopsin from bovine disc membranes (Rhoros) solubilized at 10 mM DDM (H, ~900-fold molar excess) or 0.2 mM DDM (L, ~20-fold molar excess) cross-linked with 125-fold molar excess of DSP. Rhoros was used for these studies rather than the rhodopsin and opsin constructs that we expressed in COS-7 cells as the latter proteins are heterogeneously Nglycosylated making crosslinking difficult to assess by SDS-PAGE analysis. Untreated ROS membranes, DSP-treated and mock-treated solubilized membranes as indicated were analyzed by either non-reducing (lanes 1-5) or reducing (lanes 6-10) SDS-PAGE. No cross-linking was observed in discs treated with high DDM treatment (lane 3), consistent with the expectation that fully solubilized rhodopsin is monomeric. However, in low DDM, DSP treatment resulted in the production of DTT-sensitive cross-linked rhodopsin dimers (lanes 5 vs. 10). While the samples were loaded onto a single gel, intervening lanes have been removed for clarity. Lane 11 is a 10-fold longer exposure of lane 5 revealing higher order oligomers. The expected mobility of monomeric, dimeric, tetrameric and hexameric rhodopsins is indicated on the right.
D. Adsorption of DDM by Bio-beads. Bio-beads, as indicated, were added to 200 μL of 10 mM DDM in Buffer A and incubated with end-over-end mixing for 1 hour at RT. Detergent recovery was quantified as described in 'Methods'. Shaded boxes indicate the regimes that support monomers and dimers as described in 6 .
E. Detergent withdrawal induces formation of rhodopsin dimers as revealed by DSP crosslinking. ROS membranes were solubilized in Buffer A with 10 mM DDM and treated with either 5 (L) or 26.5 (H) μg of bio-beads for 1 hour with mixing at RT. Untreated ROS membranes, DSPtreated and mock-treated solubilized and bead-treated membranes, as indicated, were analyzed by western blot after non-reducing (lanes 1-5) or reducing (lanes 6-10) SDS-PAGE. No crosslinking was observed in the sample treated with 5 μg Bio-beads, i.e. a sample containing ~8 mM DDM, but a DTT-sensitive dimer band was quantitatively generated in the sample treated with 26.5 μg Bio-beads that contained <1 mM DDM (lanes 3 vs. 5, and 5 vs. 10). The expected mobility of monomeric and dimeric rhodopsin is indicated on the right.
